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Abstract: Coating open-cell foams by a catalytic layer is a necessary step to obtain structured catalytic
foam reactors. The dip-coating method, consisting of immersing the foam in a suspension or in a
sol-gel, is generally used to obtain the coating. The excess of liquid has to be evacuated from the
foam to obtain a thin layer. Different methods to remove this excess of liquid have been investigated
in the present work. The objective was to show that 3D X-ray tomography coupled to image analysis
could be a tool to discriminate the methods by analysing the spatial localisation of the catalyst layer
throughout the whole foam samples. A simple blowing by air in every direction seems to not be
appropriate to obtain uniform coatings.
Keywords: coating; tomography; image analysis; foams; catalyst
1. Introduction
Monolithic catalysts have been studied for decades, not only as catalytic converters of exhaust gas
in cars, but also for various gas/solid and gas/liquid/solid reactions [1–3]. Open-cell foams have more
recently demonstrated their potential to serve as structures to replace monoliths in catalytic reactors.
Many examples of catalyst-coated foams have also been published for gas/solid and gas/liquid/solid
reactions [4–6]. Using catalyst-coated foams in chemical reactor engineering has thus become a
standard in laboratories to improve mass and heat transfer and avoid high pressure drops [7,8].
Nevertheless, catalyst-coated foams are not readily available materials that can be found in catalogues.
Every lab has acquired a know-how to obtain coated foams. Many protocols are based on the use
of a solid suspension (sometimes a sol-gel) which is applied by dip-coating [9–12]. An important
part of the know-how is related to the removal of the excess suspension, to avoid clogging the
pores of the foam and to obtain the desired thickness and uniformity. Recent advances have made
the use of 3D X-ray tomography more accessible to chemical engineers. The method was used to
characterize heat transfer [13,14], to check the defects of a fabrication [15,16], and for hydrodynamic
characterizations [17,18]. Concerning the coating characterization, a sample of commercial catalytic
monolith for automotive exhaust gas after treatment was scanned by X-ray microtomography to
obtain realistic 3D images of the coated layer [19]. More recently, it has been used by the group of
Lange [20,21] to check the thickness distribution throughout a whole foam. It was also used to check
the quality and uniformity of a ZSM-5 coating on SiC foams [22]. In the present work, we also use
the 3D microtomography tool to estimate the coating thickness and we go further, by comparing
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several methods that can be used at lab scale to remove the excess suspension from an open cell
foam. Our objective was to find the best method to provide a uniform coating throughout real
structured material that will be used in actual reactors. The local measurement of the layer thickness
can offer a crucial advantage to take into account correctly, for example, transfer limitation or local
flow restrictions. We demonstrate here that the tomography analysis of coated foams makes possible
the control of the catalyst distribution/localization on the structured surface and the choice of the best
method to reach uniform coatings. The method is applied to catalytic coatings in the present article
but could be applied to other thin films [23].
2. Material and Methods
2.1. Open Cell Foams
The substrates that were chosen to host porous films were open cell foams of different materials.
Aluminum foams were provided by ERG Materials and Aerospace Corp. (Oakland, CA, USA), SiC
foams were from SICAT (Strasbourg, France) and FeCrAl from Porvair Selee Corp. (Hendersonville,
NC, USA).
The foams were cut in parallelepipeds in the case of the preliminary work (10 mm × 14.5 mm × 19 mm)
and then cylinders of 20 mm diameter per 20 mm long were used in the second part.
Al and SiC foams were simply degreased in acetone and dried before coating. FeCrAl foams were
thermally treated at 1100 ◦C under air flow for 15 min to allow the formation of alumina whiskers on
the surface.
2.2. Coating Protocols
The porous films were obtained by dip-coating the open cell foams in an aqueous suspension
containing the catalyst (or catalyst support) to be coated and some additives. Depending on the
targeted coating, one (only) of the two following suspensions was used:
• The alumina suspension was prepared according to previous studies [24,25] and is briefly
reminded here. A slurry containing water (20 g), nitric acid (0.6 mL) and γ-aluminum oxide
powder (30 g) is stirred and further ball-milled to obtain a homogeneous non-settling suspension
of 0.66 g/cm3.
• The bismuth molybdenum oxide suspension is prepared by ball-milling the catalyst (15 g) in a
mixture of water (12.5 g), Ludox AS40 (12.5 g) and PEG 200 (0.15 g) during 45 min at 300 rpm.
Whatever the material to coat, the suspension was applied to the foam substrate by the dip-coating
method. It consisted of immersing the foam in the chosen suspension and, after withdrawal, removing
the excess of suspension to avoid pore plugging. The coating has to cover the foam struts, as a uniform
and thin layer of a few tens of micrometers, but it should not obstruct the pores. Three methods have
been used to evacuate the excess suspension out of the foam pores (Figure 1):
• blowing air manually in every direction (axially and radially) with a flow-rate of 30 to 45 L/min
with the object at 6–8 cm from the air gun (diameter of the air gun = 3 mm). It has to be mentioned
that this method is not reproducible at all and is totally dependent of the experimenter, despite it
being the most widely used method (Method A).
• immobilizing the foam in a tube and blowing with air axially, with a flow-rate of 30 to 45 L/min
in a cylinder of 2 cm diameter, the object being at 10 cm from the air gun (Method B).
• spin-drying/centrifuging at 400 to 800 rpm (Method C).
Note that, for Method B applied to a non cylindrical foam sample, it was covered by polyurethane
to avoid free space between the foam sample and the tube.
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Figure 1. Methods to evacuate the excess of suspension.
After the coating step, the foams were dried at 120 ◦C under air flow during 4 h. They were
further treated at 500 ◦C under air flow during 4 h.
2.3. Characterization of the Catalyst Layer Distribution
The samples have been characterized by X-ray tomography followed by image analysis and
3D reconstruction. X-ray tomography was performed in the MATEIS laboratory at INSA-Lyon,
on v|tome|x s apparatus manufactured by Phoenix X-ray, a GE company (Wunstorf, Germany). After
3D volume reconstruction, we obtain a 3D volume of 1300 × 1300 × 1300 voxels with a voxel size of
12 µm.
Image processing analysis was performed using Matlab (version R2017b). The first step is to
threshold images. In the example presented in Figure 2, three grey level zones can be differentiated.
As the catalyst fills only a few pixels, it is difficult to perform the thresholding automatically. Thus, the
two threshold levels used to separate the three zones are selected manually by visualisation checking.
Figure 2. Example of grey levels found in coated foams (here Al2O3 on an aluminum foam).
After that, the numbers of pixels of each phase (pores in black, foam in light grey, catalyst layer
in dark grey) are counted, and the catalyst distribution into the sample can be estimated. The layer
thickness can not be obtained from one unique slice due to the 3D geometry of the foam. The thickness
must be measured perpendicularly to the foam surface. For each foam pixel close to a catalyst layer
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pixel, the number of catalyst pixels in the perpendicular direction is estimated by successive erosion in
3D. Thus, for each foam pixel at the surface, we obtained information of the thickness of the catalyst
layer. For the SiC foam, a supplementary image treatment is necessary to fill the porosity of the foam
struts. This is done by 3D closing operation with a well chosen structured element. The objective was
to estimate the uniformity of the layer thickness by analysing the catalyst repartition throughout the
foam samples.
3. Results and Discussion
3.1. Properties of the Bare Foam
Using image analysis, open porosities and specific surface areas available to the fluid have
first been determined (Table 1). In the case of FeCrAl foam, the supplier indicated 93% porosity.
Image analysis gives a lower value because the strut internal porosity (not accessible to the fluid) was
removed from the calculations.
Table 1. Characteristics of the different open cell foams, determined by image analysis of X-ray
tomography. * PPI is for “pores per inch”.
Material Void Fraction % Specific Surface Area m2/m3 Cell Size µm
Al−40 PPI * 90 1500 1400
FeCrAl−40 PPI 91 1460 1350
SiC−50 PPI 89 2270 1100
3.2. Preliminary Experiments—Alumina Layer on Aluminum Parallelepipedic Foam
After dip-coating, drying and calcination, aluminum foam coated with an alumina layer are
obtained. One picture is presented in Figure 3.
Figure 3. Macro photographs of an aluminum foam. (Left): pristine foam; (Right): foam coated with
an alumina layer.
In that case, the contrast between both phases (aluminum and alumina) is appropriate for image
analysis (see one image obtained by X-ray tomography in Figure 4).
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Figure 4. X-ray picture of Alumina layer on aluminum foam-Black: void, dark grey: catalyst, light
grey: foam.
The aluminum foam was numerically divided into 10 zones of equal volume to get an information
on the uniformity of the alumina coating (inner and outer regions each divided into five stacks,
see Figure 5). First, the comparison of the coating occurrence in the inner and outer regions, only
the Method B shows similar amounts of catalyst. In the case of Method A, most of the catalyst has
been concentrated in the centre of the sample, whereas, in the case of Method C, the centrifuge force
has evacuated the catalyst from the central region. Concerning the axial repartition of the catalyst,
the comparison of the five coloured bars in each region does not allow at this sample scale to distinguish
the different axial repartitions of the catalyst.
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Figure 5. Zones of thickness measurement and distribution of the Al2O3 layer thickness for the
3 methods in the parallelepipedic Al sample.
3.3. Different Couples Catalyst-Foam in Cylindrical Geometry
One objective was to show that the X-ray tomography could help characterizing the coating
thickness and uniformity for different catalysts on various foam materials. As it was seen from
reduced-size samples (previous paragraph) that blowing in a constraint flow in a tube seemed to lead
to a better uniformity of the coating, it was decided to perform the further studies in cylindrical foams
that would be more easily inserted in a tube.
ChemEngineering 2018, 2, 52 6 of 11
3.3.1. Alumina/FeCrAl
In the case of alumina coated on FeCrAl foams, the contrast of the coating was not sufficient to
allow its visualisation (see Figure 6). As a reminder, in the case of observation of metallic sample in
a lab tomography, the X-ray absorption is mostly due to the photoelectric effect, which is described
by:
µ
ρ
∝
(
Z
E
)3
, with µ the absorption coefficient of the Beer–Lambert formula, Z the atomic number,
ρ the density of the material and E the energy of the X-ray source. A volume of X-ray tomography
corresponds to the calculated value of µ at each point (voxel) of the volume (only true in the case of
monochromatic X-ray source, but the tendency is mostly OK in polychromatic sources).
Figure 6. X-ray picture of alumina layer on FeCrAl foam.
In case of Al2O3 (atomic number of Al: 13) and FeCrAl (atomic number of Fe: 26), the ratio
of absorption coefficients is too important to allow an absorption contrast in X-ray tomography.
The method is not appropriate for that case study.
3.3.2. Alumina/SiC
Another experiment was performed with a SiC foam coated with alumina. In this case, the contrast
allows for differentiating the coating layer from the foam structure because the atomic numbers (Si: 14,
Al: 13) in both zones are not too far from each other (Figure 7). However, the thresholding is difficult
because of the porous structure of SiC material. Following the 3D closing operation explained above,
the coating thickness has been obtained in the case of the random air blowing method (Figure 8).
Thirty-two zones have been examined: eight in the axial direction per four in the radial direction
(Figure 8). The axial zones have been represented by different colours for a better readability, the radial
ones by numbers: I in the centre to IV for the external crown. The 32 zones present the same volume.
The difference in the histograms thus represents the non-uniformity of the coating. It appears that a
more important amount of catalyst is located in the central zone of the cylinder (I) than in the crown.
Indeed, in the blowing method, the air flow forces the excess suspension to move from the external
region to the internal one.
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Figure 7. X-ray picture of alumina layer on SiC foam.
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Figure 8. Zones of thickness measurement and distribution of the Al2O3 layer thickness on SiC foam
cylinder for the air blowing method.
The thickness range throughout the sample has been determined from image analysis and is
presented in Figure 9 in the case of excess suspension removal by centrifugation. The distribution of
the thickness is rather wide with a node at 24 µm and a mean value at 45 µm. Some very thick zones
have been observed with a thickness higher than 200 µm.
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Figure 9. Range of thickness values in the cases of Al2O3/SiC foam and Bi2MoO6/FeCrAl.
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3.3.3. Bi2MoO6/FeCrAl
A Bi2MoO6 catalyst presenting atoms with atomic numbers higher than the FeCrAl substrate
(but a lower density) was also studied. In that case, no problem of contrast was observed and an
automatized thresholding between both zones was possible (Figure 10).
Figure 10. X-ray picture of Bi2MoO6 on FeCrAl foam.
The percentage of catalyst present in different zones of the cylindrical samples has been
determined by image analysis for the three methods aiming at removing the excess of suspension.
It should be noted that a simple weighing of the three samples would not have allowed to differentiate
the three methods as the same mass of coating was present on the three samples.
The objective was to identify whether one of the methods could easily lead to a uniform film layer.
The results obtained after image analysis of the 3D tomography of the cylinders obtained by the three
methods are presented in Figure 11. It appears very clearly that a similar amount of catalyst (25% of
the coating) is present on each radial zone (I to IV) only for Method B. In that case, the amount on
each axial zone (coloured bars) is also very uniform. Conversely, Methods A and C lead to a thickness
gradient. The thickness increases from the centre to the border in the case of centrifugation (Method C)
where the amount of catalyst is 28% on the crown (IV) and only 22% on the core cylinder (I). On the
contrary, more than 40% of the catalyst is located in the central zone (I) in the case of Method A,
as previously seen with Al2O3/SiC.
To explain the uniform distribution of the catalyst obtained with Method B, a tentative explanation
was based on the value of the Reynolds number in the foam. Using the pore window diameter as the
characteristic size, Re of 80 to 110 were obtained, but these values are too far from a turbulent regime
(see [26] for the Re range in foams). The uniform distribution is thus most probably due to a better
control in the air distribution.
The thickness range throughout the sample has also been determined in the case of centrifugation
(see Figure 9). Contrary to Al2O3/SiC, it shows a weak distribution of the thickness with a node at
12 µm and a mean value at 25 µm. This is due to a lower viscosity of the BiMoO6 suspension.
ChemEngineering 2018, 2, 52 9 of 11
 0
 5
 10
 15
 20
 25
 30
 35
 40
 45
I (Center) II III IV
%
 c
at
al
y
st
 i
n
 t
h
e 
zo
n
e
Method A
 0
 5
 10
 15
 20
 25
 30
I (Center) II III IV
%
 c
at
al
y
st
 i
n
 t
h
e 
zo
n
e
Method B
 0
 5
 10
 15
 20
 25
 30
I (Center) II III IV
%
 c
at
al
y
st
 i
n
 t
h
e 
zo
n
e
Method C
Figure 11. Zones of thickness measurement and distribution of the Bi2MoO6 layer thickness on FeCrAl
foam cylinder for the three methods.
3.3.4. Perspective Use of Contrast Agent
It was shown previously that, in some cases, the contrast between the coating and the substrate
was too high and the coating can not be distinguished from the porosity. We observed that, even though
alumina can not be seen on FeCrAl foams, Pd/alumina becomes a little more visible (the picture is
however still not contrasted enough to be presented). We thus thought that impregnating the coating
with a contrasting agent could be an option for the characterization of the thickness distribution, as a
control sample. A first experiment was performed by using sodium polytungstate. It increased the
brightness of the coating layer. An on-going study aims at showing whether the use of this additive
modifies the rheological properties of the suspension, and thus the thickness of the layer or not. If not,
it could be used to characterize the layer of a witness sample.
4. Conclusions
X-ray microtomography has been applied to characterize the thickness of catalyst-coatings
on various foams. Different methods aiming at evacuating the excess of suspension used for the
dip-coating process were evaluated as an illustration of what can be obtained. A simple blowing with
air in all the directions appears as the worst solution, leading to a thick layer of catalyst in the core
of the object and a very thin layer on the external parts of the object. Centrifugation has a tendency
to produce the opposite effect, with more catalyst on the outer part than in the centre. However, all
these tendencies may depend on the rheological properties of the suspension and a further study of
the role of this parameter should be performed. Finally, evacuating the excess of suspension in coated
cylinders can be uniformly performed with an axial forced air flow. This method is appropriate for
cylinders limited to 2 cm long, which is generally the case for all the materials commercially available.
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